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Large amounts of methane (CH4) exist in the earth in the form of natural 
gas hydrates, an ice-like substance with guest gas molecules trapped within. The 
amount of carbon stored as hydrates is more than twice the carbon content 
present in all fossil fuels combined. This thesis outlines the current state of the 
art in accessing the energy trapped within these resources, covering the various 
methods used to produce gas. The amount of natural gas hydrates in marine 
sediments far exceeds (90%) that in permafrost. An alternative method that has 
gained attention is to simultaneously sequester carbon dioxide (CO2) as hydrates 
and produce methane from natural gas hydrates. This method has an added 
advantage of carbon sequestration and also maintaining the geological structure 
after methane recovery has taken place. However, a good understanding of CH4 
and CO2 hydrates in the marine environment in a laboratory scale is required 
before this technique can be applied in the real marine environments. This thesis 
focus on the fundamental behaviour of CO2 hydrate formation and dissociation 
in porous media (silica sand) and saline environments.  
CO2 hydrate formation and dissociation was then studied in conditions of 
Toyoura sand (100-500µm), pure water, saltwater of 1.5 wt%, 3 wt% and the 
same seawater that was used by Mekala et al.  [1] for CH4 hydrate formation. A 
lower formation pressure of 3.5 MPa (driving force of 1.5 MPa) was used due 
to the liquefaction of CO2 at pressures above 3.8 MPa. Slightly lower 
conversions were observed when comparing pure water to saline water 
formation, though initial gas uptakes in saline water was higher than that in pure 
water. Dissociation behaviour was also investigated at two different temperature 
  v 
 
driving forces. Unlike our previous study involving CH4 hydrates in porous 
media and seawater, we did not observe evidence of kinetic inhibition due to 
the presence of NaCl. We do, as expected, observe thermodynamic inhibition. 
Similarly, the presence of NaCl does not appear to have an effect on the 
dissociation kinetics of CO2 hydrate in porous media.  
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1. Introduction 
1.1. Methane Hydrates as a Potential Energy Resource 
Gas Hydrates are crystalline solids composed of water and gas. They are 
formed under sufficiently high pressure and low temperatures, where water 
molecules arrange in a rigid cage framework with cavities occupied by a guest 
gas molecule.  
Gas hydrates were initially a laboratory curiosity till methane hydrates were 
observed in 1934 to clog natural gas pipelines in cold climates. They were then 
considered as hazards and researched focused on inhibitors to prevent the 
formation of gas hydrates in Oil and Gas industrial applications. It was only in 
the mid-1960s that the perception of natural gas hydrates changed. Naturally 
occurring methane gas hydrates were discovered in a Siberian gas field and this 
preceded a worldwide search for gas hydrates as a potential energy resource. By 
the 1970s, methane hydrates were discovered to occur not only in permafrost 
but also along the ocean floors of continental margins. 
Typically, all estimations of the amount of natural gas hydrates in nature 
focus on three key points: (1) how and how much methane originates in the 
natural environment (2) how thick the Gas Hydrate Stability Zone is and how 
does methane reach this zone (3) how saturated the natural sediments in the 
GHSZ are with methane hydrate.  
Early estimations varied widely - from Trofimuk et al. [2] (1973) who 
assumed that hydrates could occur wherever satisfactory conditions exist and 
coined the maximum amount at 3053 x 1015 m3 methane (STP) to Soloviev [3] 
who gave a minimum value of 0.2 x 1015 m3 methane (STP), considering 
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considered more limiting factors such as availability of methane, limited 
porosity, and percentages of organic matter etc. It has been established that gas 
hydrates in the marine environment outnumber that in the permafrost 
environment by several orders of magnitude 
 
Figure 1: The Global Occurrence of Natural Gas Hydrates (Credit: U.S. 
Geological Survey) 
These estimations have generally been decreasing over time. However, a 
model proposed by Klauda & Sandler [4] (2005) estimated the total amount of 
hydrate to be in the region of 120 x 1015 m3 methane (STP). This model revises 
several key assumptions such as the global average value of pore space filled 
(from the a priori 5% to 3.4%) and it alone enabled prediction of 68 of the 71 
occurrences of natural gas hydrates with explanations provided for the 3 
exceptions [5]. 
Despite uncertainties in estimation, the general consensus is that a large 
amount of methane exists in hydrated form on the earth, possibly twice the total 
amount of other fossil fuels present. A second consensus is that of the two 
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geological forms in which hydrates are found (continental permafrost and 
offshore resources), the amount of hydrates offshore greatly exceeds that found 
on land (permafrost), possibly by two orders of magnitude (100 times). 
1.2. Techniques of Methane Recovery 
Conventional and unconventional sources of natural gas are trapped in the 
earth due to geological factors – an impermeable seal or highly impermeable 
reservoir rock. Techniques for gas recovery from these resources focus on 
simply providing a conduit for the gas to be produced immediately. For example, 
hydraulic fracturing – a technique which has unlocked methane from 
unconventional shale formations creates artificial fractures in the reservoir rock 
around the wellbore, providing sufficient room for the trapped methane to flow 
to the surface.  
However, methane hydrates are fundamentally different from these other 
sources of natural gas. The methane molecules in the hydrate are trapped on a 
molecular level inside cages formed by water molecules bound by van der 
Waals-London forces [6]. 
The three main proposed methods of recovering methane from natural gas 
hydrate are thermal stimulation, depressurization and chemical injection. 
Thermal stimulation and depressurization are methods that change the local P-
T conditions such that methane hydrate is no longer stable and starts to 
dissociate while chemical inhibitor injection proposes to introduce substances 
that lower the stability of the hydrate till it’s no longer stable at the natural 
conditions. 
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As compared to the methods of thermal stimulation and depressurization, 
chemical inhibition as a recovery method has been relatively less well studied. 
Chemical inhibitor injection works by shifting the equilibrium curve towards 
higher pressures and lower temperatures hence causing a destabilization of the 
hydrate at natural conditions. The study of chemical inhibitors have largely been 
motivated by the oil and gas industry as hydrate formation in wellbores or pipes 
are serious hazards. There are two main kinds of inhibitors, thermodynamic 
inhibitors depress the equilibrium conditions of hydrates while kinetic inhibitors 
slow down the rate of hydrate formation. Thermodynamic inhibitors are of 
particular interest to applications for gas production and two of the most 
common thermodynamic inhibitors used are methanol and ethylene glycol (EG). 
Two main concerns of chemical inhibitor are as follows: Firstly, it is 
important to note that in all laboratory studies thus far, the ratio of chemical 
inhibitor to hydrate has been significantly high, ranging from 30 wt% to 100 wt% 
[7-10]. Injecting inhibitors at such concentrations on the typical scale of gas 
production in industry today will require large amounts of inhibitor and the 
question remains whether achieving such high levels of inhibitor in a natural 
formation is feasible or economical. 
Secondly, inhibitors like methanol and EG are toxic and the impact of large 
scale release of such chemicals into the marine and arctic environment will need 
to be studied further. 
Carbon dioxide also forms gas hydrates at suitable conditions. Though 
slightly larger than methane, the molecular diameter of carbon dioxide is still 
between 4.2 to 6 Å and hence CO2 also forms sI hydrates typically [5]. The idea 
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of including CO2 in the natural gas hydrate production process has been 
proposed and investigated – CO2 supplied to a hydrate field could assist in 
recovering the methane and at the same time be sequestered in the natural 
formation as CO2 hydrate. In an ideal scenario where the same amount of, if not 
more, CO2 is captured in the formation than natural gas produced, energy 
generation will be carbon neutral. 
1.3. Fundamental Research on Hydrates in Marine Environments  
It is of greater interest to build up a good fundamental understanding of 
hydrates in the marine environment where the hydrates form in porous media 
and saline water. It is already well established that NaCl can serve as 
thermodynamic inhibitors to hydrate formation and that in porous media of size 
smaller than 30 nm, significant changes in the hydrate phase equilibrium was 
observed [11, 12]. The effect of particle size, pore size distribution, pore volume, 
porosity, permeability on hydrate phase equilibria has been investigated by 
several groups who have also used various kinds of porous media such as silica 
gel, silica sand, activated carbon, loess, porous glass, mesoporous silica [11, 13-
17]. Other studies have also studied formation and dissociation of CH4 hydrate 
in porous media and pure water [18-21]. The choice of porous media should suit 
the natural environment in study. Simulating the permafrost environment, 
consolidated porous media like Bentheim sandstone are more suitable [22] 
while in the marine environment, an unconsolidated  porous medium like silica 
sand is more suitable. Mekala et al. investigated CH4 hydrate formation and 
dissociation kinetics in porous media and seawater, turning up unexpected 
observations that NaCl showed signs of kinetic inhibition in porous media [1].  
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We note that most literature has focused on investigating CH4 hydrates in 
nature. However, in the context of using CO2 replacement as a technique to 
recovery CH4 from hydrates, the formation and dissociation of CO2 hydrates in 
marine environments need to be simulated too. Several groups have directly 
investigated the replacement process in a laboratory setting [23-32]. These 
experiments involved the formation of methane hydrate samples in porous 
media and followed by injecting CO2 at various conditions (liquid, gaseous or 
emulsion with water) into the sample. What results is a mixed hydrate of CH4 
and CO2 as not all CH4 in the hydrate phase can be replaced with CO2. This is 
due not only to the inherent nature of CO2 molecules being larger and not able 
to fit into the small cages of the sI hydrate structure [27] but also due to the mass 
transfer hindrance that arises from the formation of mixed hydrate around the 
core CH4 hydrate [26]. CO2 can also form hydrates with free water present in 
the porous medium, posing more hindrances to full recovery.  
Hence, the objective of the present study is to understand the kinetics of 
hydrate formation and dissociation of CO2 hydrates in various water systems 
(pure water, 1.5 wt% NaCl, 3.0 wt% NaCl and seawater) in a fixed bed closed 
reactor system. Toyoura sand with a particle size of 100-500 µm is used as 
porous media as it best simulates the porous, unconsolidated structure of marine 
sediments. As a preliminary study, it was desired to keep CO2 in the gas phase 
through the experiment and hence the reactions were carried out at a pressure 
of 3.5 MPa. CO2 hydrate dissociation in the porous media was then studied 
using thermal stimulation at two different driving forces to understand their 
effect on recovery curves. The study provided interesting results on the 
formation and dissociation mechanism of CO2 hydrate in saline environments 
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and porous media, particularly when compared to the study of Mekala et al [1] 
who investigated CH4 hydrates using the same reactor and bed setup. 
2. Experimental 
2.1. Materials 
For the porous medium, Toyoura silica sand with an average diameter 
of 300m (diameter varies from 100 to 500μm), 0.217cm3/g pore volume and 
1.56g/cm3 density was used. Deionized water was used as the pure water for 
hydrate formation. For the experiments involving laboratory made salt solution, 
pure NaCl salt was mixed with deionized water in proportion to produce 3.0wt% 
and 1.5wt% saltwater. The seawater (3.03 wt % salinity) used for the present 
kinetic studies on the formation of methane gas hydrates in porous media was 
obtained from Pulau Tekong in Singapore, similar to that used in Melaka et al. 
[1] and Loh et al. [21]. Carbon dioxide (CO2) and methane (CH4) gas (Purity 
99.9 %) were supplied by Soxal Private Limited, Singapore. 
2.2. Apparatus 
Figure 2 presents the schematic diagram of the crystallizer a cylindrical 
shaped stainless steel 316 pressure vessel of 10.16 cm inner diameter, 15.24 cm 
inner height giving a volume of 1236 cm3. Five Omega (Omega Engineering, 
Stamford, CT) copper-constantan stainless-steel shielded thermocouples (1/16th 
in diameter) are used to monitor the temperature at various points in the reactor 
and the layout is also presented in Figure 2. Figure 3 presents the overall 
experimental setup: The crystallizer and a 1000 cm3 gas reservoir are immersed 
in a water bath with temperature controlled by an external refrigerator (ER). 
Each pressure vessel is connected to a Rosemount smart pressure transmitter 
(1187P, VWR Scientific) with Norpac controls (Vancouver British Columbia, 
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Canada). One additional Omega thermocouple is placed in the water bath to 
monitor water bath temperature. A PID controller was equipped between the 
crystallizer exit valve and the gas reservoir, which helps to maintain constant 
pressure during decomposition procedure.  All temperature and pressure data 
are acquired using the data acquisition system (National Instruments) and 
Labview® 8.0 (National Instruments) via a computer to consolidate data and 
communicate with the control valves for the experiment.  
 
 
Figure 2: Schematic Diagram of Crystallizer 
 
 














3. Experimental Procedure 
3.1. Hydrate Formation 
3.1.1. Silica Sand Bed Preparation 
It is desired to use a sand bed of height 5 cm that is completely water 
saturated for all runs of the experiment. 645.16g of silica sand is used and based 
on the porosity of the sand bed (0.35), the total volume of water needed to 
maximally saturate the bed is 140 ml. This is calculated based on the interstitial 
void space of the sand bed (0.217cm3/g). The bed was set up by uniformly 
layering sand and water in five to seven stages avoiding the formation any air 
pockets. This procedure has been adapted from our previous works  (Babu et al. 
[33, 34], Mekala et al. [1]). For other runs investigating the effect of salinity, 
salt solution of 1.5 wt% NaCl, 3 wt% NaCl or actual seawater were used in 
place of pure water to saturate the sand bed.  
Figure 3: Layout of Experimental Setup 
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3.1.2. Hydrate Formation Procedure 
The water bath temperature is then set to the desired temperature of 277.1K, 
276.5K or 275.7K, respectively when pure water, 1.5 wt% NaCl or 3.0 wt% 
NaCl is used. When actual seawater was used, the reaction temperature was 
275.7 K as analysis of the seawater revealed that composition was similar to 
that of 3.0 wt% NaCl. The experiment conditions were chosen such that the 
initial pressure driving force was 1.5 MPa for all runs, with reference to the 
equilibrium conditions as determined using CSMGEM. Table 1 summarizes the 
conditions.  






Pure Water P 3.5 277.1 
1.5wt% Salt 
Water 
A 3.5 276.5 
3.0wt% Salt 
Water 
S 3.5 275.8 
Seawater N 3.5 275.8 
Table 1: Summary of Experimental Conditions 
 The reactor is the purged with CO2 by pressurizing above 300kPa and 
depressurizing to 100kPa three times to remove the presence of other gases in 
the system. After which, the temperature of the system is allowed settle back to 
the desired temperature. When the temperatures in the reactor were steady at the 
desired level, the reactor was then pressurized to the desired pressure of 3.5 MPa 
with CO2. Gas filling pressure and temperatures were recorded once every 
second. When steady experimental temperature and pressure was attained, the 
formation profiles of pressure and temperature during the experiential run were 
recorded every 20s. Hydrate nucleation is characterized by a sudden spike in 
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bed temperatures followed by a period of increased gas uptake, represented by 
a higher rate of pressure drop in the reactor. The formation is said to be complete 
when there is no further gas uptake and the rate pressure drop is very small (~1-
2 kPa/hr).   
3.2. Hydrate Decomposition Procedure 
The crystallizer is first depressurized to 2.2 MPa from the experimental 
pressure, corresponding to about 10% above the hydrate equilibrium 
pressure, by careful venting. After depressurization, the temperature was 
allowed to stabilize at the experimental temperature, before thermal 
stimulation was performed by increasing the water bath temperature. 
Decomposition was studied for two different incremental temperature rise 
from the formation temperature (ΔT = 4 and 10) in the temperature of the 
silica bed of the reactor. The rise in temperature of reactor is at a rate of 0.1 
- 0.2 K/min. When the temperature crosses the equilibrium phase boundary 
conditions, the hydrate would start to decompose, resulting in a rise in the 
crystallizer pressure. The PID controller and a control valve maintains 
pressure in the crystallizer at 2.2 MPa by automatically opening and 
releasing gas into the empty gas reservoir. The temperature and pressure 
profiles in both the crystallizer and reservoir are recorded every 20s.  
The pressure recorded during dissociation also includes additional 
pressure due to gas expansion during the thermal stimulation step. It has 
been shown by Babu et al. [34] that this expansion needs to be accounted in 
dissociation studies involving the presence of gas cap (overlying gas phase). 
This is done by carrying out control dissociation experiments involving 
heating under similar conditions but without the presence of hydrates. The 
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actual dissociation pressure of hydrate in porous media is then adjusted by the 
pressure increase obtained during the control experiment.  
4. Calculation 
4.1. Formation Data 
The experimental pressure and temperature data were used to calculate the 
CO2 gas consumed at any time during the experiment. This is calculated based 
on below: 











          (1) 
Where ∆𝑛𝐻,↓  is the amount of CO2 gas consumed in moles, z is the 
compressibility factor (calculated by Pitzer’s correlations), VR is the volume of 
the reservoir, P and T are the pressure and temperature of the crystallizer at any 
time. 
Equation 2 shows how the number of moles of water consumed was 
calculated. 
𝑊𝑎𝑡𝑒𝑟 𝑡𝑜 ℎ𝑦𝑑𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
∆𝑛𝐻↓ × 𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛  𝑛𝑢𝑚𝑏𝑒𝑟
𝑛𝐻2𝑜
× 100 
          (2) 
Where ∆𝑛𝐻,↓is the number of moles of gas consumed at the end of the hydrate 
formation experiment can be determined from Equation (1) and  𝑛𝐻2𝑂 is the 
number of moles of water present in the reactor. The hydration number is the 
number of water molecules required to enclathrate one guest gas molecule. The 
hydration number used for the present study is 7.03.  
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The rate of hydrate formation can be computed by forward 











The average gas uptakes was computed for every 0.5 hour and reported. 
4.2. Decomposition Data 
Number of moles of gas recovered at a given time t is calculated using a 
modified Equation 1: 












Where ∆𝑛𝐻,↑  is the amount of CO2 gas consumed in moles, z is the 
compressibility factor (calculated by Pitzer’s correlations), VR is the volume of 
the reservoir, P and T are the pressure and temperature of the reservoir at any 
time. 
The normalized gas recovery curves are calculated using Equation 4: 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑔𝑎𝑠 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
(∆𝑛𝐻,↑)𝑡
(∆𝑛𝐻,↑)𝑡𝑒𝑛𝑑
× 100  
(4) 
Where (∆𝑛𝐻,↑)𝑡 is the number of moles of gas released at a given time t during 
the hydrate dissociation experiment. (∆𝑛𝐻,↑)𝑡𝑒𝑛𝑑
is the number of moles of gas 
recovered at the end of the hydrate dissociation experiment. 
5. Results and Analysis 
All formation kinetic experimental studies of methane hydrate were 
conducted in Toyoura sand (100-500µm) with an initial pressure of 3.5 MPa. 
The temperatures were varied for each type of water used in order to 
maintain a similar initial pressure driving force of 1.5 MPa. The following 
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section will present an analysis of the P-T profiles of a typical run, before 
entering into the analysis of both formation and dissociation kinetics.  
5.1. Typical P-T Profiles of an Experimental Run 
Figure 4 shows the pressure and temperature profiles of run P1, an 
experiment conducted with pure water at 277.1K and with an initial pressure of 
3.5 MPa.  
The hydrate formation experiment commence upon pressurizing the 
crystallizer to the experimental pressure of 3.5 MPa and allowing the 
temperature to stabilize. The formation experiment is allowed to run till pressure 
drop is negligible. After which, the crystallizer is vented to reduce the operating 
pressure to 2.2 MPa for the decomposition experiment. Once the temperature 
reaches steady state, the decomposition experiment begins by increasing the 
equilibrium temperature to ΔT=4 K and ΔT=10 K. The control valve in the 
experimental set-up ensures that the crystallizer pressure stays constant at 2.2 
Time (hr)















































Figure 4: Overall P-T Profile for Experiment P1 
Formation 
Decomposition 
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MPa while redirecting the excess gas to the reservoir. When there are 
negligible changes in the reservoir and crystallizer pressure, the 
decomposition experiment is presumed to be completed and the crystallizer 
is prepared for the next run. 
5.2. Formation Analysis 
5.2.1. Pure Water Hydrate Formation 
Figure 5 shows the formation Pressure-Temperature profile for run P1, 
representative of all formation experiments conducted in pure water. P-T 
profiles for the other pure water experiments can be found in the Appendix 
for reference. Initially, CO2 pumped into the crystallizer dissolves in the 
water in the sand bed, giving rise to the initial gas uptake. The time interval 
between the end of gas filling and beginning of hydrate formation is known 
as the induction time. Hydrate formation is marked by an initial nucleation 
event which is random in terms of its location within the bed. As hydrate 
formation is an exothermic process, the initial nucleation event shows up 
as a spike in temperature in the hydrate bed. Typically, the initial nucleation 
is the largest in magnitude, giving rise to the largest spike in temperature 
among all subsequent nucleation events. Figure 5a shows that the initial 
nucleation took place within the first 2 hours post-gas filling. Figure 5b 
shows the close-up of the nucleation event. Through it, we clearly observe 
the initial dissolution phase of CO2 into the sad bed, since gas uptake is not 
0. However, upon nucleation (~ t=1.18h) gas uptake increases significantly, 
indicating the formation of hydrates within the crystallizer. 
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Following the initial nucleation, we note that hydrate formation in pure 
water is marked by multiple nucleation events throughout the duration of the 
formation experiment, as can be seen from the numerous smaller spikes in 
temperature from Figure 5a. For this experiment P1, the gas uptake at the end 
of 141 hours was 0.0790 mol-CH4/mol-H20 and the water to hydrate conversion 
was 55.3%. For all other runs P2-P4, similarly high levels of water conversion 
Time (hr)

















































































































Figure 5: (A) Formation P-T Profile of P1 (B) Detailed Profile from t = 
0.5h to t = 2.0h 
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was achieved (with the exception of run P4 where conversion was slightly 
lower). As can be observed from Table 2, no noticeable difference was 
between formation in a fresh hydrate bed or a memory hydrate bed (where 
hydrate formation and dissociation had already been performed once). 
Average induction time was 154.5 minutes. 
No Sta
te  



















P1 F 3.5 277.2 68 0.00570 141 0.0790 55% 
P2 M 3.5 277.2 134 0.00510 89 0.0676 48% 
P3 F 3.5 277.2 56 0.00380 111 0.0663 47% 
P4 M 3.5 277.2 360 0.00170 116 0.0579 41% 
Table 2: Summary of Pure Water Experiments 
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5.2.2. Hydrate Formation in 3.0 wt% NaCl solution 
 Figure 6 shows the corresponding P-T profiles for hydrate formations 
carried out in water of 3.0 wt% NaCl. We observe similar induction behaviour 
and a relatively large temperature spike indicating initial nucleation. Gas uptake 
profiles are largely similar to that in pure water, where the initial rate is greatest 
Time (hr)














































































































Figure 6: (A) Formation P-T Profile of Experiment S4 (B) Detailed 
Profile from t = 1.0h to t=4.0h 
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on nucleation and decreases as formation progresses. However, one difference 
of note is there are significantly fewer nucleation events post-initial nucleation 
and this was observed for all 4 experimental runs (P-T profiles found in 
Appendix). Table 3 presents the results of the 6 formation experimental runs. 
We observe that induction time was much shorter on average (51.5 mins) than 
that in pure water (154.5 mins). This is an interesting observation but due to the 
large spread in the data, any certain conclusions concerning induction time 

























S1 F 3.5 275.7 2 0.00036 92 0.0469 33% 
S2 M 3.5 275.7 2 0.00085 117 0.0569 40% 
S3 F 3.5 275.7 1 0.00046 109 0.0573 40% 
S4 M 3.5 275.7 121 0.00377 116 0.0605 43% 
S5 F 3.5 275.7 180 0.00123 106 0.0607 43% 
S6 M 3.5 275.7 3 0.00046 93 0.0518 36% 
Table 3: Summary of Results for 3.0 wt% NaCl 













A1 1.5 F 3.5 276.5 36 0.00036 
A2 1.5 M 3.5 276.5 233 0.00085 
A3 1.5 F 3.5 276.5 153 0.00046 
A4 1.5 M 3.5 276.5 4 0.00377 
N1 Seawater F 3.5 275.7 111 0.00338 












A1 1.5 F 92 0.0469 33% 
A2 1.5 M 117 0.0569 40% 
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A3 1.5 F 109 0.0573 40% 
A4 1.5 M 116 0.0605 43% 
N1 Seawater F 106 0.0607 43% 
N2 Seawater M 93 0.0518 36% 
Table 4: Summary of Results for 1.5 wt% NaCl and Seawater 
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Figure 7: Formation P-T Profile for Experiment A3 
Time (hr)




















































Figure 8: Formation P-T Profile for Experiment N1 
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 Table 4 summarizes preliminary results for runs with 1.5 wt% NaCl 
solution and actual seawater. The average induction time for formation 
experiments in 1.5 wt% NaCl was 106.5 min. While this could suggest a 
decreasing trend of induction time, the standard deviation of data for these runs 
is too large for data to be conclusive. Given the random nature of hydrate 
nucleation, should any future work focus on the induction phenomena, the 
sample size of runs should be much larger for more certain conclusions.  
 Figure 7 and Figure 8 show the P-T profiles for experiments S3 and N1 
respectively. In both runs, we clearly observe the initial nucleation. In both runs, 
we do not observe multi-nucleation behaviour as seen in the experiments with 
pure water. Together with results presented in Sections 4.2.3 and Sections 4.2.2, 
we do indeed observe that the presence of salts in the water has suppressed 
nucleation activity significantly. This is in line with conclusions in the literature 
as it has been shown that the salts disrupt the regular lattice structure of has 
hydrates and thus their presence could reduce the incidence of nucleation.   
5.2.4. Conversion Comparison at 90h 
In order to have a meaningful comparison between experiments involving 
the different types of water used, the first 90 hours of hydrate formation were 
used as a basis for comparison. The first 90 hours of a hydrate formation 
experiment includes the initial nucleation phenomena followed by a period of 
gas uptake where meaningful observations between pure water and saline water 
can be made. Beyond the period of 90h, the rate of hydrate formation for all 
runs are close to zero and thus are not of significant interest to the discussion.  
 


















after 90 hrs 
of hydrate 
growth (%) 
P1 0 3.5 277.2 0.00570 0.0702 49% 
P2 0 3.5 277.2 0.00510 0.0676 48% 
P3 0 3.5 277.2 0.00380 0.0629 44% 
P4 0 3.5 277.2 0.00170 0.0523 37% 
A1 1.5 3.5 276.5 0.00370 0.0539 38% 
A2 1.5 3.5 276.5 0.00260 0.0552 39% 
A3 1.5 3.5 276.5 0.00509 0.0505 35% 
A4 1.5 3.5 276.5 0.00104 0.0507 36% 
S1 3.0 3.5 275.7 0.00036 0.0466 33% 
S2 3.0 3.5 275.7 0.00085 0.0532 37% 
S3 3.0 3.5 275.7 0.00046 0.0541 38% 
S4 3.0 3.5 275.7 0.00377 0.0579 41% 
S5 3.0 3.5 275.7 0.00123 0.0583 41% 











Table 5: Summary of Results of first 90 hours of formation 





























Figure 9: Average Water Conversions at 90 hr 
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 From Figure 9, it appears that pure water systems did show slightly 
greater water conversion than in systems that had salts present. However, we do 
not observe any decreasing trend of water conversion with increasing salt 
content.  
Figure 10 shows the average rate of hydrate growth after the induction 
period for all studies. Noting once again that initial pressure driving force for 
all experiments were similar at 1.5 MPa, we observe that initial rate of hydrate 
formation in salt water was slightly greater than that in pure water systems. 
However, beyond the initial 2 hours, the rates of hydrate formation for all 
systems have fallen significantly - an observation clearly observed in Figure 11. 
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0.014 Pure Water Average
1.5 wt% NaCl Average
3.0 wt% NaCl Average
 
Figure 10: Average Rate of Hydrate Formation for Pure water, 1.5 wt% NaCl 
and 3.0 wt% NaCl 
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Time (hr)


















































0.014 Pure Water Average
1.5 wt% NaCl Average
3.0 wt% NaCl Average
Figure 11: Average Rate of Hydrate Formation (t = 0 - 4h) 
Following which, we observe that beyond the initial time period, the rate 
of hydrate formation of that in pure water systems progresses at a rate faster 
than that in NaCl solution, as can be observed from Figure 12. 
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0.0014 Pure Water Average
1.5 wt% NaCl Average
3.0 wt% NaCl Average
 
Figure 12: Average Rate of Hydrate Formation (t = 50 - 60h) 















This can possibly be attributed to the numerous multi-nucleation events 
observed for pure water systems, contributing to a rate of hydrate formation that 
sustains longer than that in salt water systems. Also, it can be postulated that the 
greater initial hydrate formation in salt water systems could have resulted in the 
reduction of potential pathways for CO2 gas to penetrate into the sand bed and 
hence slowing down hydrate growth more considerably than in pure water 
systems.  
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Figure 13: P-T Profile for P1 between 50h – 60h 
Figure 14: P-T Profile for S3 between 50h – 60h 
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 Putting our results for hydrate formation into perspective, we can 
conclude that we do not observe significant kinetic inhibition from the presence 
of salts in CO2 hydrate formation in porous media – this is in line with well 
documented literature on salts being thermodynamic inhibitors and not kinetic 
inhibitors for hydrate formation. Notably, Mekala et al. [1] observed kinetic 
inhibition for CH4 hydrate formation in porous media and natural seawater. This 
experiment used the same natural seawater used in the aforementioned study 
and did not show signs of kinetic inhibition in a CO2 system. The difference 
between CO2 and CH4 hydrate formation needs to be investigated further – 
while both form hydrates of the sI structure, difference in cage occupation due 
to molecular size difference has already been observed, with CO2 typically 
occupying only the large cages while CH4 is able to occupy both large and small 
cages. Further work on morphology studies for CO2 hydrate formation in porous 
media and salt and pure water systems should also be performed. 
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5.3. Dissociation Analysis 
5.3.1. P-T Profile  
 Figure 15 shows the P-T profile for Experiment P1, where a temperature 
driving force of ΔT = 4K was used. It can be seen that pressure in the crystallizer 
was maintained at 2.2 MPa through the experiment while pressure in the 
reservoir increased as the decomposition and thermal stimulation took place. 
The water bath heating curve (purple dashed line) demonstrates how thermal 
stimulation was applied and we see that the temperature of the gas phase in the 
crystallizer (T5) closely mirrors that. The dissociation of CO2 hydrates is an 
endothermic process and that is why we observe that the temperature profiles 
within the sad bed differ from that of the gas phase. In fact, since heat transfer 
in solid and liquid media is faster than that in gas phase, were there no chemical 
changes taking place in the sand bed, we would expect the sand bed temperature 
Time (hr)











































T Water Bath 
 
Figure 15: Dissociation Profile for Experiment P1 
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to mirror that of the water bath temperature more closely than that of the gas 
phase.  
 We observe that the temperature T1 increased the fastest among all 
thermocouples in the sand bed. This suggests that there few hydrates were 
formed around that location. With reference to Figure 2, T1 is located deep 
within the sand bed and given that overall water conversion for Experiment P1 
was 55%, it is reasonable to postulate that hydrate formation did not at such 
depths in the sand bed, possibly due to CO2 transport hindrance.  
 Temperature profiles T2 to T4 rise initially then level off for a period of 
almost 40 minutes around 278.3K. This is due to endothermic hydrate 
dissociation, which causes temperature rise to temporarily slow down as heat 
introduced from the water bath goes to the latent heat of dissociation of CO2 
hydrate. This also reveals that the measured phase equilibrium between gaseous 
CO2, pure liquid water in porous media is 2.2 MPa and 278.3K.  
5.3.2. Comparison with different T driving force 
Due to differing amounts of gas hydrate formed in each run, the absolute 
amounts of gas recovered in each decomposition experiment will vary. Hence, 
all decomposition data is normalized with respect to the final amount of gas 
recovered for meaningful observation of data.  
Figure 16 presents the normalized gas recover profile for P3, a pure 
water experiment where dissociation was carried out at T = Δ10K, giving a 
significantly higher thermal driving force. We observe that both pressure and 
temperature profiles are largely of similar form as Δ T = 4K and the measured 
equilibrium point is similarly at 2.2MPa and 278.3K.  
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Figure 17 compares the normalized gas recovery curves for 
decomposition of hydrates formed in pure water conditions at Δ T = 4K and 
10K. Gas recovery for Δ T = 10K is much faster than Δ T = 4K and this falls 
within expectations since a greater temperature gradients gives a greater heat 
flux and thus more energy provided per unit time for the latent heat of 
dissociation of CO2 hydrates. Interestingly, gas recovery for P2 is significantly 
slower than that of P1 even though the amount of hydrates formed in P1 is 
higher. As can be seen, the heating curves for both P1 and P2 are shown and 
they are similar. When comparing normalized dissociation curves in salt water 
of 1.5 wt% (Figure 18) and 3.0 wt% (Appendix), the difference in gas recovery 
profiles for Δ T = 4K are not as pronounced. It is not uncommon for hydrates to 
exhibit slower than expected dissociation rates – this phenomenon is also known 
as the self-preservation of hydrates.  
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Figure 16: Normalized Gas Recovery for Experiment P3 
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Figure 17: Normalized Recovery Curves for dT = 4K (A) and dT = 10K 
(B) in Pure Water 
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Figure 18: Normalized Recovery Curves for dT = 4K (A) and dT = 10K (B) in 
1.5 wt% NaCl 
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5.3.3. Comparison between pure and salt water 
 From Figure 19, it can be observed that gas recovery profiles for all 
experiments involving saltwater are similar. The range of water conversions 
obtained from salt water runs ranged from 33% (S1) to 45% (N1), while 
experiments P1 and P2 were conducted with a hydrate samples where 55% and 
48% water conversion was achieved. The higher levels of hydrate present could 
be the main reason why gas recovery was slower as compared to that in salt 
water and the presence of NaCl does not appear to affect hydrate dissociation 
kinetics.  
Time (hr)

































Figure 19: Normalized Gas Recovery Curves for dT = 4K 
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 Gas recovery curves for Δ T = 10K as shown in Figure 20 illustrate this 
clearly – regardless of the presence of salts, gas recovery profiles and time taken 
are largely similar and can be attributed to the quantity of hydrates present in 
the sample. A future study can further this by performing dissociation 
experiments at even lower temperature driving forces as larger temperature 
driving forces reduce the overall time taken for dissociation.  
Time (hr)































Figure 20: Normalized Gas Recovery Curves for dT = 10K 
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5.3.4. Comparison of Equilibrium Conditions 
As mentioned in the previous sections, it is possible to deduce a set of 
P-T conditions corresponding to the phase equilibrium between gaseous CO2, 
water (pure or saline) and CO2 hydrate in porous media. Figure 21 summarizes 
the implied equilibrium conditions deduced from each experiment and 
compares it with the values calculated from Sloan & Koh [5], which are for bulk 
phase equilibrium. We observe, as expected, that the presence of NaCl does 
inhibit the thermodynamic stability of CO2 hydrate as equilibrium temperature 
decreases with increasing NaCl content.  
6. Conclusion 
CO2 hydrate formation and dissociation was studied in conditions of 
Toyoura sand (100-500µm), pure water, saltwater of 1.5 wt%, 3 wt% and the 
same natural seawater. Slightly lower conversions were observed when 
NaCl (wt%)




























Sloan & Koh [4]
 
Figure 21: Measured Equilibria at 2220 kPa (both dT = 4K and dT = 
10K) compared with Sloan & Koh [4] data for the bulk phase 
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comparing pure water to saline water formation. It was observed that CO2 
hydrate formation in salt water had a higher initial rate (for the first 2 hours) 
than that in pure water but formation rates in pure water after the initial period 
were higher than that in saltwater. We do not observe significant kinetic 
inhibition to the formation of hydrates. Dissociation behaviour was also 
investigated at two different temperature driving forces. Higher temperature 
driving forces resulted in faster dissociation rates though no difference in 
dissociation kinetics was observed whether NaCl was present or not. As 
expected, it was observed that NaCl acts as a thermodynamic inhibitor and the 
equilibrium points measured experimentally were compared with data from 
Sloan & Koh [5] .  
6.1. Future Directions 
Having observed that NaCl does not significantly impact CO2 hydrate 
formation as compared to CH4 hydrate formation, several future directions 
are proposed. These include proposals to improve the experimental 
procedure and also longer term directions the research can take.  
Firstly, one of the main ways to improve the experimental procedure is 
to take into account the solubility of gases in the system. CO2 is relatively 
soluble in water, especially in lower temperatures and thus there is no direct 
method to distinguish hydrate formation from CO2 dissolution except for 
the observed nucleation temperature spikes. While the overall gas uptake 
into the system is more than the solubility of CO2, we can be certain that 
hydrate formation did occur and the conclusions of the study still remain 
valid.  
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A second way of improving the experiment procedure can be to have a more 
precise gas loading procedure that involves mass flow measurement or initial 
filling into the gas reservoir for cooling and then transferring over into the 
crystallizer. This way, the exact number of moles of gas transferred into the 
crystallizer can be determined through a mass balance of the gas in the reservoir 
while pressure drop can be used for rate measurements post-gas loading.  
Thirdly, beyond improving the current procedure, the next step in acquiring 
a deeper understanding will be to perform the experiments with CO2 in the 
liquid phase. CO2 will be in the liquid phase if it were to be injected into marine 
sediments in the natural environment and this will require a different method of 
mass measurement since pressure can no longer be used to determine the 
number of moles of CO2. Ersland et al. [22] used MRI imaging to detecting free 
water molecules and hence measuring the hydrate formation process. This is 
one possible technique to be considered when experimenting with liquid CO2. 
Fourthly, studies of the physical structure and how CO2 and CH4 hydrates 
interact with unconsolidated sand and pure and saline water in the laboratory 
setting. These should be compared with samples of actual marine sediments in 
order to confirm if laboratory hydrate samples are of similar structure to natural 
gas hydrates in the marine environment.  
Lastly, experiments investigating the exchange reaction can be performed, 
not only to observe the kinetics and gas recovery (as with several prior studies) 
but to also investigate any possible changes in morphology and physical 
characteristics such as sediment structure and strength.  
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 Appendix 
6.2. Formation P-T Profiles 
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Decomposition - Gas Recovery Curves 
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S6 (T = 10K)
S3 Heating Curve
S6 Heating Curve
(Gas Recovery Curves for 3.0 wt% NaCl - dT = 4K)
(Gas Recovery Curves for 3.0 wt% NaCl - dT = 10K)
 















































N2 (T = 4K)
N1 Heating Curve
N2 Heating Curve
Seawater Gas Recovery Curves
 
